1. Introduction
===============

Yellow head virus (YHV) from Thailand and gill-associated virus (GAV) from Australia have recently been classified in new taxa (genus *Okavirus*, family Roniviridae) within the *Nidovirales* ([@BIB7], [@BIB5], [@BIB28], [@BIB19]). The rod-shaped, enveloped virions of YHV and GAV are morphologically indistinguishable and each virus can be highly pathogenic for the black tiger prawn (*Penaeus monodon*) ([@BIB1], [@BIB3], [@BIB18], [@BIB33]). They also cause similar histopathology in diseased prawns and in situ hybridisation (ISH) and transmission electron microscopy (TEM) have detected infection in lymphoid organ (LO), gills, haemocytes, cuticular epithelium, nerves, eyes and in connective tissues of head organs and abdominal muscle ([@BIB1], [@BIB3], [@BIB18], [@BIB33], [@BIB37], [@BIB38], [@BIB29], [@BIB2]). A chronic GAV infection state also occurs in which virus, originally described as lymphoid organ virus (LOV), is primarily observed by ISH and TEM in foci of hypertrophied cells or 'spheroids' within the LO of apparently healthy prawns ([@BIB32]). Chronic infections are highly prevalent in *P. monodon* captured from the wild or farmed along the Pacific coast of Queensland, Australia ([@BIB32], [@BIB35], [@BIB6], [@BIB39]). There is also evidence of chronic GAV infection in healthy *P. monodon* broodstock and postlarvae in some regions of southeast Asia ([@BIB23]; T.W. Flegel, personal communication) and YHV infections have been described in healthy *P. monodon* farmed in Thailand ([@BIB24]).

Penaeid prawn species from Hawaii and the western hemisphere, including *Penaeus stylirostris*, *P. aztecus*, *P. duorarum*, *P. setiferus* and *Penaeus vannamei*, are susceptible to experimental infection with YHV ([@BIB16], [@BIB14]), and species farmed commercially in Australia, including *P. esculentus*, *P. merguiensis* and *Penaeus japonicus*, are susceptible to GAV ([@BIB34]). However, some age/size and species-related differences have been noted in their susceptibility to disease. Histopathology consistent with YHV infection has also been reported in *P. japonicus* cultured in Taiwan that displayed typical signs of severe white spot syndrome virus (WSSV) disease and appeared to be co-infected ([@BIB40]). In Australia, RT-nested PCR has detected GAV in low levels in healthy *P. esculentus* co-cultivated with *P. monodon* ([@BIB39]). There is no other published evidence of natural YHV or GAV infection in prawn species other than *P. monodon* although there are reports that small shrimp such as *Palaemon styliferus* and krill (*Acetes* spp.) ([@BIB10]) and crabs (e.g. *Scylla serrata*) may carry these viruses. Nevertheless, the ability of YHV and GAV to cause disease experimentally suggests these viruses represent a significant threat to cultivated prawns.

Antibody ([@BIB17], [@BIB20], [@BIB21], [@BIB26], [@BIB27], [@BIB31]), ISH ([@BIB37], [@BIB38], [@BIB35]), conventional RT-PCR ([@BIB42], [@BIB37], [@BIB8], [@BIB6]) and real-time RT-PCR ([@BIB9]) methods have been used to detect either YHV or GAV in clinical samples. Of the antibody-based diagnostic techniques, immuno-histochemistry using monoclonal antibodies to a surface glycoprotein and the nucleocapsid protein of YHV ([@BIB26], [@BIB27]) has recently allowed the detection and distinction of YHV and GAV infections ([@BIB31]). ISH methods using DNA probes targeted to regions in the ORF1b gene have also allow cross-detection of YHV and GAV ([@BIB38]). RT-PCR tests reported to date have not considered genotypic sequence differences but have cross-detected YHV and GAV by chance ([@BIB8], [@BIB6]). To avoid the need for separate PCR tests to recognise YHV and GAV infections definitely, we describe here a sensitive multiplex RT-nested PCR that exploits genome sequence variations between reference Thai YHV and Australian GAV isolates to co-detect and distinguish these viruses.

2. Materials and methods
========================

2.1. Prawn samples
------------------

Healthy *P. monodon* infected chronically with GAV ([@BIB32]) and moribund prawns displaying characteristic clinical signs, histopathology and TEM evidence of acute GAV infection ([@BIB33]) were obtained from hatcheries and farms in northeast and southeast Queensland between February 1996 and March 1998. Experimental infections with the reference GAV isolate, which was derived from a farm disease outbreak in northeast Queensland in 1996, were conducted as described previously ([@BIB33]). Prawn tissues were collected at 5--7 days post-infection when cumulative mortalities had reached ∼40%. *P. monodon* were also infected experimentally with a reference YHV isolate by injecting the tail muscle with haemolymph containing YHV ([@BIB41], [@BIB42]). Lymphoid organs and haemolymph were collected from YHV-infected prawns 3--5 days post-infection. Prawns from farm outbreaks of YHV disease were collected from different locations in Thailand between 1994 and 1998. The origins of prawns used as sources of GAV and YHV RNA samples are listed in [Table 1](#TBL1){ref-type="table"} .Table 1Origin of GAV- and YHV-infected *Penaeus monodon* tested in the multiplex RT-nested PCRNumberDateLocationSourceDescriptionTissueGAV\#114-10-97Jacobs Well, SEQCairnsH, I, B, NLOGAV\#213-10-97Jacobs Well, SEQInnisfailH, I, B, NLOGAV\#325-09-97Cleveland, SEQInnisfailR, I, B, NLOGAV\#405-03-98Innisfail, NQInnisfailW, I, B, NLOGAV\#527-03-98Cardwell, NQTownsvilleF, B,I , NLOGAV\#612-02-96Mourilyan, NQNQF, P, MLOGAV\#706-03-97Bundaberg, SEQNQF, P, MLOGAV\#818-03-97Jacobs Well, SEQNQF, P, MLOGAV\#917-04-96Jacobs Well, SEQNQF, P, MCephGAV\#1016-04-96Jacobs Well, SEQNQF, P, MCeph  YHV\#1  NK-96  NK  CP  F, P, M  HaeYHV\#213-10-95RayongAAHRIR, F, P, MGill/haeYHV\#301-02-95SurattaneeNKR, F, I, MGill/haeYHV\#429-10-94SongkhlaCPR, F, PGill/haeYHV\#518-01-96ChachuengsaoAAHRIR, F, P, MGill/haeYHV\#6NK-97BangpakongCPR, F, P, MGill/haeYHV\#716-12-97NKCPF, I, MHaeYHV\#817-03-98BanpoCPH, PCephYHV\#917-03-98KlongsuanCPH, PCeph[^1]

2.2. RNA isolation
------------------

For RNA isolation, whole head homogenates ([@BIB33]), haemolymph, gill or LO tissue were collected using sterilised instruments and either processed immediately or snap frozen on dry ice and stored in liquid nitrogen until used. Gill or LO tissue was homogenised in TRIzol--LS™ (Invitrogen) using a pellet pestle. Haemolymph and 0.22 μm filtered head homogenates were dissolved directly in TRIzol--LS™ and RNA was isolated according to the manufacturer's instructions. RNA was resuspended in DEPC--water, heated at 55 °C for 5 min, quantified by spectrophotometry (A~260 nm~) and stored at −70 °C. All reagents and tissue samples were handled in a separate laboratory using a laminar flow cabinet and aerosol-resistant barrier pipette tips to prevent contamination with PCR products.

2.3. Primers
------------

The sequences of primers used for generic RT-PCR amplification of GAV and YHV (GY) and specific nested PCR amplification of either GAV (G) or YHV (Y) are listed: GY1 (5′-GACATCACTCCAGACAACATCTG-3′); GY2 (5′-CATCTGTCCAGAAGGCGTCTATGA-3′); G3 (5′-GCGTTCCTTTGTGAGCATAAATGA-3′); Y3 (5′-ACGCTCTGTGACAAGCATGAAGTT-3′); GY4 (5′-GTGAAGTCCATGTGTGTGAGACG-3′); GY5 (5′-GAGCTGGAATTCAGTGAGAGAACA-3′); and G6 (5′-GTAGTAGAGACGAGTGACACCTAT-3′). The length (23--24 nt) and melting temperatures (*T* ~m~±4 °C) of all primers were closely matched. The generic GY2 nested PCR primer was designed with a slightly higher *T* ~m~ to compensate for a single base mismatch with the reference GAV sequence ([@BIB7]). All oligonucleotides were synthesised using an Oligo-1000 DNA Synthesiser (Beckman). RT-PCR with primer pair GY1--GY4 was expected to generate a 794 bp amplicon. Semi-nested and nested PCRs were designed to generate amplicons of 293 bp (primer pair GY1--G3 or GY1--Y3), 277 bp (primer pair GY2--G3 or GY2--Y3) and 406 bp (primer pair GY2--G6).

2.4. RT-PCR
-----------

Total RNA (100 ng) and 35 pmol primer GY5 were incubated at 70 °C for 10 min in 6 μl DEPC--water and chilled on ice. cDNA was synthesised by adding 2 μl Superscript II buffer × 5 (Invitrogen), 1 μl 100 mM DTT and 0.5 μl 10 mM dNTP mix and incubation at 42 °C for 2 min prior to adding 0.5 μl 200 U/μl Superscript II reverse transcriptase (Invitrogen) and further incubation at 42 °C for 1 h. Reverse transcriptase was inactivated at 70 °C for 15 min and the reaction quenched on ice. For PCR, 1 μl cDNA reaction was amplified in 50 μl containing 1×Taq buffer (10 mM Tris--HCl pH 9.0, 50 mM KCl, 0.1% Triton X-100), 1.5 mM MgCl~2~, 35 pmol each primer GY1 and GY4, 200 μM each dNTP and 2.5 U Taq polymerase (promega). The reaction mixture was overlaid with 50 μl liquid paraffin and heated at 85 °C for 3 min prior to adding cDNA ([@BIB4]). DNA was amplified by 35 cycles of 95 °C/30 s, 66 °C/30 s, 72 °C/45 s followed by 72 °C/7 min final extension using either a FTS-960 (Corbett Research) or PCR Sprint (Hybaid) thermal cycler. All PCRs utilised 0.5 ml thin-walled tubes. PCR products (10 μl) were resolved in 2% agarose--TAE gels containing 0.5 μg/ml ethidium bromide ([@BIB25]).

2.5. Differential nested PCRs
-----------------------------

An aliquot (typically 0.5 μl) of the RT-PCR was amplified by nested PCR using a 50 μl reaction volume and primer sets GY2--G3, GY2--Y3 or GY2--Y3/G6. Semi-nested PCR reactions utilizing the primer pairs GY1--G3 or GY1--Y3 were also evaluated. Nested PCR conditions were as for the first PCR except that the extension time was reduced to 30 s. To increase sensitivity in cases when the nested PCR was negative, the amplification was repeated using up to 10 μl of the RT-PCR. Aliquots (10 μl) of the nested PCR were resolved in 2% agarose--TAE gels as above.

To determine the detection sensitivity of the RT-nested PCR for GAV and YHV, serial 10-fold dilutions of LO total RNA were prepared in DEPC--water containing 10 ng/μl LO total RNA from an uninfected *P. japonicus* to maintain a constant amount of RNA in the cDNA synthesis reaction. Aliquots (1 μl) of diluted RNA were reverse transcribed using primer GY5 and amplified by PCR (primer pair GY1--GY4) and nested PCR using various primer sets (i.e. GY1--G3, GY1--Y3, GY2--G3, GY2--Y3 or GY2--Y3/G6). To simulate dual GAV/YHV infections, 10-fold dilutions of one virus RNA were prepared using a diluent comprising either 100 or 1 ng/μl of LO total RNA from prawns infected with the other virus. To avoid cross-contamination, all PCR mixes were prepared in a laminar flow cabinet using aerosol-resistant tips and in a different laboratory to that used to analyze PCR products.

2.6. Sequencing
---------------

Sequences in the G3/Y3 and G6 differential primer regions were determined for RT-PCR products amplified from all 10 GAV and the eight YHV field RNA samples. PCR products (794 bp) amplified with primer pair GY1--GY4 were purified using QIAquick™ columns (Qiagen). Both DNA strands of GAV and YHV PCR amplicons were sequenced using primers GY1, GY4, Y3 or G6, Big Dye™ V2 reagent (Applied Biosystems Inc., ABI) and automated ABI Model-377 apparatus (ABI) at the Australian Genome Research Facility, University of Queensland. The sequence in the GY4 and GY5 primer regions of YHV RNA samples was determined using PCR amplicons generated with other primers (Hodgson et al., unpublished). Nucleotide sequence chromatograms were analysed using SeqEd 3.1 (ABI).

3. Results
==========

3.1. Selection of generic and specific GAV and YHV primers
----------------------------------------------------------

Overall, the nucleotide sequences of the ORF1b genes of reference isolates of GAV from Australia and YHV from Thailand ([@BIB37], [@BIB8], [@BIB28]) display 19.5% divergence and the majority of differences occur in codon 'wobble' positions not altering the pp1ab coding sequence. However, some localised regions display higher levels of variation and virus-specific primers used in the differential RT-nested PCR were targeted to two of these sites. Regions targeted by the generic and specific primers are shown in [Fig. 1](#FIG1){ref-type="fig"} . The site targeted by cDNA primer GY5 was conserved in three reported YHV sequences ([@BIB42], [@BIB37], [@BIB28]) and GAV ([@BIB8]). GAV and YHV sequences at the site targeted by virus-specific primers G3 and Y3 varied at 12/24 nt positions associated with three aa changes, including one at the primer 3′-end that was divergent at all three codon positions. GAV-specific primer G6 was targeted to a sequence that diverged at 10/24 nt positions, of which three occurred at the primer 3′-end and were associated with one aa change. The extent of sequence variation was expected to restrict annealing of these primers to the non-homologous DNA template and mismatching at their 3′-termini was included as two or more mismatches at this position severely abrogates PCR amplification ([@BIB13]).Fig. 1GAV and YHV nucleotide and amino acid sequences in the ORF1b gene region targeted by primers used in the multiplex RT-nested PCR. YHV sequence differences are indicated above and below the GAV sequences and the primer targets are highlighted (arrows). Numbering is taken from a GAV--YHV sequence comparison reported previously ([@BIB8]).

3.2. RT-PCR to detect GAV or YHV
--------------------------------

From cDNA synthesised using antisense primer GY5, PCR using the conserved primer pair GY1--GY4 amplified a 794 bp product from both the GAV and YHV ([Fig. 2a](#FIG2){ref-type="fig"} ). The PCR was tested at three annealing temperatures (64, 66 and 68 °C) and 66 °C was selected for subsequent amplifications, as the amplicon yield was slightly greater than at 68 °C. At the selected temperature there was also an absence of very minor products seen at 64 °C when higher viral RNA template levels were amplified (data not shown).Fig. 2Amplification of GAV and YHV RNA by RT-PCR followed by nested PCR with various primer combinations. (a) PCR amplification (primer pair GY1--GY4) of a 794 bp product from cDNA synthesised from reference GAV (lane 1) and YHV (lane 2) RNA using primer GY5. (b) Nested PCR amplification of RT-PCR products from GAV (lanes 1--3) and YHV (lanes 4--6) using primer pairs GY2--Y3 (lanes 1 and 4), GY2--G3 (lanes 2 and 5) and GY2--G6 (lanes 3 and 6). (c) Nested PCR amplification of a 406 bp GAV-specific product (lane 1) or 277 bp YHV-specific product (lane 2) using the multiplexed primer set GY2--Y3/G6. PCR products (10 μl) were resolved in a 2% agarose--TAE gel containing 0.5 μg/ml ethidium bromide. M=1 kb DNA ladder (Invitrogen).

3.3. Nested PCRs to differentiate GAV from YHV
----------------------------------------------

Initially, separate nested PCRs were tested using a conserved sense primer (GY2) in conjunction with an antisense primer specific to either GAV (G3) or YHV (Y3) (see [Fig. 1](#FIG1){ref-type="fig"}). Primer pairs GY2--G3 and GY2--Y3 amplified only a 277 bp fragment of the 794 bp RT-PCR amplicons of GAV and YHV, respectively ([Fig. 2a and b](#FIG2){ref-type="fig"}). Nested PCR using primer GY2 in combination with GAV-specific antisense primer G6 similarly amplified only a 406 bp fragment of GAV ([Fig. 2b](#FIG2){ref-type="fig"}). When the virus-specific nested PCR did not proceed due to mismatching of the antisense primer to the template, elevated levels of the 794 bp GY1--GY4 amplicon and a ∼400 bp non-specific product were detected ([Fig. 2b](#FIG2){ref-type="fig"}, lanes 1, 5 and 6). Semi-nested PCRs in which primer GY1 was substituted for GY2 produced comparable results to those shown in [Fig. 2b](#FIG2){ref-type="fig"} except the amplicon (293 bp) was longer (data not shown).

A multiplexed nested PCR using primer GY2 in combination with both YHV- (Y3) and GAV-specific (G6) antisense primers was tested for its ability to differentiate the viruses in a single reaction. Nested PCR amplicons of a size expected for YHV (277 bp) or GAV (406 bp) were generated only from primary PCR amplicons derived from YHV or GAV, respectively ([Fig. 2c](#FIG2){ref-type="fig"}). Minor amounts of the primary 794 bp amplicon and of two other products that differed in size between GAV and YHV were also detected.

3.4. Sensitivity of the RT-nested PCR
-------------------------------------

The sensitivity limits of the RT-PCR and nested PCR were examined using serial 10-fold dilutions of LO total RNA from *P. monodon* infected experimentally with GAV or YHV at levels sufficient to give good yields of the primary 794 bp PCR amplicon ([Fig. 3](#FIG3){ref-type="fig"} ). The RT-PCR sensitivity limit was ∼1 pg RNA (amplicon barely visible) for either GAV or YHV. The sensitivity limits of nested PCRs using primer pairs GY2--G3 or GY2--G6 for GAV and GY2--Y3 for YHV were identical (10 fg RNA) and at least 100-fold greater than that of the primary PCR. Semi-nested PCRs employing primer GY1 instead of GY2 increased sensitivity to the same extent (data not shown).Fig. 3Detection limits of the RT-PCR and nested PCR primer combinations using titrations of LO total RNA from *P. monodon* infected with the reference GAV or YHV isolates. cDNA synthesised using primer GY5 and serial 10-fold RNA dilutions (100 ng/μl to 1 fg/μl, lanes 1--9, respectively) diluted in 10 ng/μl *P. japonicus* LO RNA, which was also used as a negative control (lane 10), was amplified by PCR using primer pair GY1--GY4. Nested PCRs were performed using primer pairs GY2--G3 and GY2--G6 for GAV and GY2--Y3 for YHV. Multiplex nested PCR (primer set GY2--Y3/G6) was also performed using 1:1 mixtures of the GAV and YHV RT-PCRs. PCR products (10 μl) were resolved as in [Fig. 2](#FIG2){ref-type="fig"}. M=1 kb DNA ladder.

To determine whether the presence of the two virus-specific antisense primers (Y3 and G6) might affect the detection sensitivity, the multiplex nested PCR (primer set GY2--Y3/G6) was tested using 1:1 mixtures of the primary PCRs of the GAV and YHV RNA dilution series ([Fig. 3](#FIG3){ref-type="fig"}). YHV-specific (277 bp) and GAV-specific (406 bp) products were co-amplified to the same detection limit (10 fg RNA) obtained in the nested PCRs (GY2--Y3 or GY2--G6) employing each antisense primer alone.

3.5. RT-nested PCR differentiation of field samples of GAV and YHV
------------------------------------------------------------------

Five RNA samples from healthy, wild *P. monodon* broodstock chronically infected with GAV, five samples from moribund farmed prawns infected acutely with GAV and nine samples from moribund farmed prawns acutely infected with YHV were tested using the multiplex RT-nested PCR ([Fig. 4](#FIG4){ref-type="fig"} ). The RNA originated from tissues of either individual prawns or pools of 2--10 prawns. Prawns were collected at different locations in eastern Australia or Thailand between 1994 and 1998 ([Table 1](#TBL1){ref-type="table"}). Among the GAV samples, less primary (794 bp) PCR amplicon was generated from the two cephalothorax homogenates than from LO tissue ([Fig. 4a](#FIG4){ref-type="fig"}). In contrast, a high yield of 794 bp amplicon occurred only in sample YHV\#1 and none was detected in five of the YHV RNA samples. Multiplex nested PCR (primer set GY2--Y3/G6) generated a 406 bp amplicon in all 10 GAV samples and a 277 bp amplicon from all YHV samples except YHV\#8 ([Fig. 4b](#FIG4){ref-type="fig"}). Moreover, comparable yields of the 277 bp amplicon were generated from the former YHV samples irrespective of whether a primary PCR amplicon was detected. For the five YHV samples (\#3, \#5--\#8) in which little or no primary PCR amplicon was detected, the PCR was repeated using 2 μl instead of 1 μl cDNA. Increasing the input cDNA enhanced the 794 bp amplicon yield only for sample YHV\#6 (data not shown). However, 277 bp nested PCR amplicon yields were enhanced visibly for most samples and an amplicon was detected for the previously negative YHV\#8 ([Fig. 4c](#FIG4){ref-type="fig"}). The yield of YHV\#8 amplicon increased further when either 5 or 10 μl of the primary PCR was employed in the nested PCR.Fig. 4Detection of RNA from different GAV and YHV samples using the multiplex RT-nested PCR. The origin of *P. monodon* from which RNA was isolated is described in [Table 1](#TBL1){ref-type="table"}. Isolates GAV\#1 to GAV\#10 correspond to GAV lanes 1--10, respectively, and isolates YHV\#1 to YHV\#9 correspond to YHV lanes 1--9, respectively. GAV lane 11 and YHV lane 10 were negative controls comprising LO RNA from uninfected *P. japonicus*. (a) cDNA synthesised from 100 ng RNA using primer GY5 amplified by PCR using the primer pair GY1--GY4. (b) RT-PCR products amplified by nested PCR using the multiplex primer set GY2-Y3/G6. (c) For selected YHV samples (\#3 (lane 1), \#5 (lane 2), \#6 (lane 3), \#7 (lane 4) and \#8 (lanes 5--7)) which generated little or no 794 bp PCR amplicon, the multiplex nested PCR was repeated using RT-PCRs performed using 2 μl instead of 1 μl input cDNA. cDNA from *P. japonicus* RNA was used as a negative control (lane 8). For isolate YHV\#8, 5 μl (lane 6) and 10 μl (lane 7) of the primary PCR were also amplified by nested PCR. PCR products (10 μl) were resolved as in [Fig. 2](#FIG2){ref-type="fig"}. M=1 kb or 1 kb plus DNA ladder (Invitrogen).

3.6. PCR co-detection of GAV and YHV RNA mixed at various ratios
----------------------------------------------------------------

To simulate prawn co-infections with GAV and YHV at various infection levels, a 10-fold dilution series of reference YHV RNA was prepared in a diluent comprising 100 ng/μl of the reference GAV RNA. A reciprocal GAV RNA dilution series was prepared similarly in a diluent comprising YHV RNA and thus all samples contained at least 100 ng/μl RNA. Using cDNA prepared from selected dilutions, comparable yields of primary PCR amplicon (794 bp) were generated (data not shown). However, GAV-specific (406 bp) and YHV-specific (277 bp) amplicons were co-detected in the multiplex nested PCR only to a limit equal to a major:minor viral RNA ratio of 1:10^−2^ (100:1 ng/μl) when either GAV or YHV represented the minor RNA species ([Fig. 5a](#FIG5){ref-type="fig"} , lanes 4--6). Overexposure of the gel image detected very low levels of amplicon of the minor RNA in the YHV and GAV dilutions containing 10 pg/μl of the minor RNA (data not shown). In any case, this was equivalent to a 10^3^ to 10^5^-fold reduction in the detection limit of either virus RNA compared to that obtained (i.e. 10 fg/μl) when diluted in uninfected *P. japonicus* RNA (see [Fig. 3](#FIG3){ref-type="fig"}). The test was repeated using 10-fold RNA dilutions prepared as above in a diluent containing 1 ng/μl rather than 100 ng/μl of either YHV or GAV RNA ([Fig. 5b](#FIG5){ref-type="fig"}). Barely detectable but comparable amounts of the 794 bp RT-PCR amplicon were generated from all samples (data not show). Compared to [Fig. 5a](#FIG5){ref-type="fig"}, the nested PCR detection limit of the minor GAV or YHV RNAs increased significantly to include dilutions containing a major:minor RNA species ratio of 1:10^−4^ (i.e. 1 ng/μl:100 fg/μl).Fig. 5Multiplex RT-nested PCR amplification of GAV and YHV RNA mixed at various ratios to simulate dual-infection states. RNA was mixed 1:1 at concentrations of either (a) 100 ng/μl (lane 5) or (b) 1 ng/μl (lane 6) and serial 10-fold dilutions of virus RNA were prepared in a diluent of reciprocal virus RNA at these two concentrations. (a) YHV RNA amounts 100 fg, 10 pg, 100 pg, 1 ng (lanes 1--4, respectively) and 100 ng (lanes 5--9), GAV RNA amounts 100 ng (lanes 1--5) and 1 ng, 100 pg, 10 pg, 100 fg, (lanes 6--9, respectively) and *P. japonicus* negative control RNA (lane 10). (b) YHV RNA amounts 10 fg, 100 fg, 1 pg, 10 pg, 100 pg (lanes 1--5, respectively) and 1 ng (lanes 6--11), GAV RNA amounts 1 ng (lanes 1--6) and 100 pg, 10 pg, 1 pg, 100 fg, 10 fg (lanes 7--11, respectively). In both tests, cDNA synthesised using primer GY5 was amplified by PCR (primer pair GY2--GY4) followed by nested PCR with the multiplex primer set GY2--Y3/G6. PCR products (10 μl) were resolved as in [Fig. 2](#FIG2){ref-type="fig"}. M=1 kb DNA ladder.

3.7. Sequence differences among GAV and YHV RNA samples
-------------------------------------------------------

Primary PCR amplicons from all 10 GAV isolates including the reference isolate were sequenced to identify any nucleotide variations in the G3/Y3 and G6 nested-PCR primer regions ([Fig. 6](#FIG6){ref-type="fig"} ). In the 682 nt region immediately downstream of primer GY1, a maximum of 1.8% (12/682 nt) divergence was detected among the different GAV isolates. All nine field samples varied from the reference GAV\#6 isolate ([@BIB8], [@BIB7]) at a silent position (U→C) 6 nt from the 3′-end of primer G3 and at a silent position (U→C) 15 nt from the 3′-end of primer G6. Six GAV isolates also varied at a silent position (U→C) 12 nt from the end of G6. Sample GAV\#4 varied at a position (U→C) 1 nt from the 3′-end of primer G6 that would cause an amino acid substitution. The sequences also provided information in the GY2 primer target downstream of the region that overlapped primer GY1. Six of the GAV samples varied at a silent position (A→G) 15 nt from the 3′-end of GY2 (data not shown).Fig. 6Nucleotide sequences of genome regions targeted by primers G3/Y3 and G6 in the nine GAV and eight YHV field samples compared to the reference isolates (GAV\#6 and YHV\#1). The GAV\#6 amino acid sequence is shown, as are differences between this sequence and that of YHV\#1. Nucleotide variations to the GAV\#6 sequence are shown (bold), as are variations (bold) to the YHV\#1 sequence.

For seven of the eight YHV field samples, sequence analysis of RT-PCR amplicons (0.7 kb) generated for other purposes (Hodgson et al., unpublished) identified no nucleotide variations, compared to the reference YHV\#1 ([@BIB37], [@BIB28]), in regions targeted by primers GY4 and GY5. For all eight YHV field samples, similar analysis of semi-nested PCR amplicons generated using the primer pair GY2--GY4 identified a maximum divergence of 2.1% (15/730 nt) compared to the reference sequence. In each amplicon, most variations were due to the coexistence of two nucleotides (most commonly U/C=Y or A/G=R) in relatively equal amounts. Variations from the reference YHV isolate in the G3/Y3 and G6 primer targets were only detected in four field samples. In samples YHV\#3 and \#7, a U/C double nucleotide occurred at a silent position either 14 nt from the 3′-end of primer G3/Y3 while a U/C also occurred 12 nt from the 3′-end of primer G6 in samples YHV\#4 and \#5.

4. Discussion
=============

GAV from Australia and YHV from Thailand are viral pathogens that pose significant disease threats to the culture of *P. monodon* in countries that primarily farm this species. The viruses are morphologically indentical, induce similar histopathology ([@BIB1], [@BIB3], [@BIB33]), have similar tissue tropism ([@BIB37], [@BIB38], [@BIB35]) and are readily cross-detected by ISH ([@BIB38]). However, the level of nucleotide sequence variation in the ORF1b (19.5%) ([@BIB8], [@BIB28]) and ORF3 (25%) genes ([@BIB12]) and antigenic variations detected with monoclonal antibodies ([@BIB31]) indicate that GAV and YHV represent distinct geographic topotypes. Moreover, mortalities accumulate more rapidly in *P. monodon* infected experimentally with YHV ([@BIB1], [@BIB33]) and, while YHV can induce cephalothorax yellowing in diseased *P. monodon*, whole body reddening has been reported for GAV ([@BIB33]). Nevertheless, these differences are subjective and/or observed inconsistently and would be unreliable in distinguishing between infections with the two viruses.

We describe the development and assessment of an RT-nested PCR to co-detect and distinguish GAV from YHV. The RT and primary PCR steps employ primers to conserved ORF1b gene sequences to amplify either virus, while the nested PCR employs multiplexed virus-specific primers to distinguish the viruses based on amplicon size. The two virus-specific primers incorporated 10--12/24 mismatches, including three at their 3′-termini associated with amino acids shifts. The number and positioning of the mismatches precluded amplification of the non-homologous sequence as two or more substitutions at the 3′-end of a primer have been shown previously to severely inhibit PCR ([@BIB30], [@BIB13]). In addition, the 23--24 mer PCR primers were used at an annealing temperature (66 °C) that would ensure specificity but accommodate minor sequence variations known to occur among different GAV and YHV isolates. As these crustacean okaviruses encode an RNA-dependent RNA polymerase ([@BIB7], [@BIB28], [@BIB5]) most closely related to those of coronaviruses and arteriviruses, it is likely that it will lack proofreading ability and establish virus quasispecies populations that are a source of genetic drift (see reviews [@BIB36], [@BIB11]).

Initial tests using non-multiplexed nested PCRs showed that amplicons were generated only when the GAV-specific (G3 or G6) or YHV-specific (Y3) antisense primer matched the virus template. However, in tests in which these did not match, the primary PCR (794 bp) amplicon was more evident, probably as the result of carry over of the GY1--GY4 primers. A non-specific product (∼400 bp) of similar size to the 406 bp GY2--G6 primer amplicon was also apparent in these nested PCRs. However, this DNA did not occur in the multiplexed nested PCR incorporating both YHV- (Y3) and GAV-specific (G6) antisense primers in which its production was quenched by the preferential amplification of virus template. Multiplexing of the antisense primers targeted to different divergent sequences also readily distinguished GAV (406 bp) from YHV (277 bp) in a single nested PCR on the basis of amplicon size.

Nested PCR extended the RT-PCR detection limit 100--1000-fold. Although we made no attempt to relate this directly to template copies, viral RNA was detectable in ∼10 fg LO total RNA isolated from heavily infected *P. monodon*. Moreover, the detection limit was unaffected by primer multiplexing and was comparable to that of a GAV RT-nested PCR targeting a downstream region of the ORF1b gene ([@BIB6]). For diagnostic purposes, this additional sensitivity is extremely useful in detecting unapparent infections in healthy prawns when virus levels are often below the detection threshold of one-step RT-PCR ([@BIB6], [@BIB39]).

The multiplex RT-nested PCR allowed co-detection of GAV and YHV in LO total RNA mixed at various ratios to simulate dual-infection states. This was examined as chronic GAV infection is highly prevalent in healthy wild and farmed *P. monodon* in eastern Australia ([@BIB32], [@BIB6], [@BIB39]) and so any introduction of exotic YHV into this population would likely involve superinfection of GAV-infected prawns. However, when GAV RNA was diluted in 100 ng/μl YHV RNA and visa versa, the nested PCR detection limit of the minor viral RNA species (10 pg--1 ng) was found to be quenched 10^3^ to 10^5^-fold compared to that (10 fg) observed in the absence of competitor. We do not know to what extent the RT and/or PCR steps contributed to this anomaly. However, the effect was concentration-dependent. When 1 ng/μl rather than 100 ng/μl competitor RNA was used, the detection limit of the minor viral RNAs (100 fg) approached that obtained without competitor. Although there is obviously some dependence on virus loads, the nested PCR theoretically has the capability to co-detect and distinguish GAV from YHV in dual-infected prawns when relative RNA template numbers range between 1:1 and 1:10^4^.

GAV and YHV samples from *P. monodon* collected at different locations in eastern Australia and Thailand over a 2--4 year period were distinguished using the multiplex RT-PCR. All YHV samples were from diseased prawns while GAV samples were obtained from both healthy and diseased animals. There was some variability in amplicon yields among the YHV samples compared to GAV and these appear to be due primarily to the tissue type selected for RNA isolation. YHV RNA samples were mainly from haemolymph while LO was mostly used for GAV. YHV was not detected in one sample using the standard conditions. However, by increasing the cDNA quantity used in the primary PCR, and primary PCR quantity used in the nested PCR, a YHV amplicon was detected. The use of a published RT-nested PCR method has shown that nested PCR is often required to detect low levels of GAV in the LO of healthy, chronically-infected *P. monodon* ([@BIB6] and unpublished, [@BIB39]). Moreover, LO and gills appear to be a better source of GAV than haemocytes when infection levels are low ([@BIB6]). Unfortunately we were unable to determine whether this is also the case in the YHV-infected prawns as LO or separate gill tissues were not available for testing.

PCR amplicons from the GAV and YHV samples were sequenced to identify any nucleotide variations in the genome regions targeted by virus-specific nested PCR primers G3/Y3 and G6. Variations of up to 1.8% for GAV and 2.1% for YHV were detected between the reference ([@BIB8], [@BIB7], [@BIB28]) and field samples. These primarily occurred at codon wobble positions and, among the YHV samples, many were due to the presence of two different nucleotides in relatively equal amounts. This was not unexpected as most YHV RNA samples came from tissues pooled from 5--10 prawns and it is likely that individuals contained minor genotypic variants. In all YHV samples, sequences targeted by primers GY4 and GY5 were conserved. However, single variations due to co-infections occurred in either the Y3 or G6 nested PCR primer targets in 4 samples. Among the GAV samples, 1--3 nt variations were detected in sequences targeted by these nested PCR primers. However, these variations, including one which caused an A:C mismatch 1 nt from the 3′-end of primer G6, did not adversely affect the performance of the PCR. This is consistent with data demonstrating that single primer-template mismatches (other than A:G, G:A, C:C or A:A mismatches at the primer 3′-terminus) are unlikely to be deleterious to PCR ([@BIB30], [@BIB13]). In all, the absence of substantial sequence variations in the ORF1b gene region targeted by the multiplex RT-nested PCR suggests the test should be quite robust in distinguishing the Thailand YHV genotype from the GAV genotype that occurs commonly in healthy and diseased *P. monodon* from Eastern Australia.

Potential mechanisms for the inadvertent introduction of major prawn viral pathogens such as YHV, WSSV and Taura syndrome virus (TSV) into regions previously free of these agents are well documented ([@BIB15], [@BIB22]). Of primary concern is the translocation of frozen uncooked prawns or live broodstock and seed carrying unapparent virus infections. The sequence divergence between Thai YHV and Australian GAV isolates suggests that introductions of these or genetically related viruses, could be detected and traced to the source of the introduction. The multiplex RT-nested PCR described here provides a rapid and sensitive initial tool to co-detect and differentiate these viruses. However, we are currently obtaining *P. monodon* samples from other locations in Australia and Asia to determine the extent of genetic diversity among YH-complex viruses present in different prawn populations ([@BIB39], [@BIB31]). Such epidemiological data will help establish whether these viruses are endemic or have been recently introduced through movements of brooders or postlarvae. Moreover, sequence information on different YH-complex viruses may allow development of a modified multiplexed RT-PCR test to co-detect and distinguish other genotypic variants of YHV/GAV.
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[^1]: All GAV-infected prawns were derived from wild broodstock sourced from Cairns, Innisfail or Townsville in north Queensland, Australia. All YHV-infected prawns were collected from locations in Thailand. Description: codes are F, farm stock; H, hatchery stocks of wild broodstock; W, wild broodstock collected directly from a trawler; R, research facility stock; B, broodstock; I, individual; P, pool of 2--10 prawns; M, mortalities in stock at time of collection and N, no obvious disease symptoms. GAV\#6; YHV\#1, reference isolates; NQ, north Queensland; SEQ, southeast Queensland; NK, not known. Tissues: gill, lymphoid organ (LO), haemolymph (hae), whole cephalothorax (ceph). CP: Shrimp Culture Research Centre of Charoen Pokphand Co. Ltd., Thailand. AAHRI: The Aquatic Animal Health Research Institute, Thailand.
